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The gene structure of calcium-dependent protease (Ca*+-protease) was determined. It comprises at least 21 
exons, and these were assigned to the 4 functional domains of the protease. The protease domain does not 
show clear correlation between exons and functional units, but the calmodulin-like calcium-binding domain 
shows strong correlation. Each of the 4 consecutive calcium-binding regions in the C-terminal part of Ca*+- 
protease is encoded by one exon. This gene structure supports the idea that the 4 calcium-binding regions 
of calcium-binding proteins such as calmodulin arose by 2 steps of gene duplication. 
Ca2+-protease Calcium-binding protein Calmodulin Gene structure 
1. INTRODUCTION 2. MATERIALS AND METHODS 
Calcium-dependent protease (Ca*+-protease) is 
an intracellular neutral protease showing a wide 
distribution [l-3]. The enzyme consists of large 
(80 kDa) and small (30 kDa) subunits [l-3]. The 
amino acid sequence of the 80 kDa subunit, de- 
duced from the cDNA sequence for the chicken 
Ca*+-protease mRNA, shows that Ca*+-protease 
(80 kDa subunit) consists of 4 functional domains, 
I-IV from the N-terminus. Domain II is 
homologous to thiol protease like papain, and do- 
main IV to calcium-binding protein like 
calmodulin. The origins and functions of domains 
I and III are, however, unknown [4]. Thus, 
Ca*+-protease probably arose through the fusion 
of genes encoding 4 polypeptides with completely 
different functions [4]. 
2.1, Materials 
Restriction enzymes were purchased from 
Takara Shuzo, Toyobo, and P-L Biochemicals. 
The nick-translation kit and [T-~~P]ATP 
(-3000 Ci/mmol) were products of Amersham. 
[cr-32P]dCTP was a product of New England 
Nuclear. Other enzymes used were obtained from 
Takara Shuzo. 
2.2. ~soIation of genomic DNA fragments for 
chicken Cl?+-protease 
To investigate further the domain structure and 
molecular evolution of this protease, we deter- 
mined the genomic structure of chicken 
Ca’+-protease (80 kDa subunit). The results are 
described together with discussion of the molecular 
evolution of this protease. 
A chicken genomic DNA library was kindly pro- 
vided by Dr J.D. Engel [5]. About lo6 plaques 
were screened with the nick-translated cDNA for 
chicken Ca*+-protease [4] by in situ hybridization 
[6]. Positive plaques were subjected to a second 
screening for single plaque isoIation. 
2.3. Subcloning and DNA sequencing 
DNA inserts from isolated X phage clones 
(hCPl15 and I\CP3) were digested with EcoRI and 
then subcloned into the pUC9 plasmid vector [7]. 
DNA fragments of the recombinant plasmids 
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generated by digestion with appropriate restriction 
enzymes were sequenced by the 5 ‘-end labeling 
and chemical modification method of Maxam and 
Gilbert [8]. 
3. RESULTS AND DISCUSSION 
3.1. Isolation and characterization of the chicken 
Cd+-protease gene 
From the chicken genomic DNA library, 3 types 
of h phage clones, covering in total about 40 kbp 
in length, were identified as the clones encompas- 
sing the chicken Ca’+-protease gene (fig.1). 
Restriction mapping, hybridization and DNA 
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Fig.1. Restriction map of the chicken Ca’+-protease 
gene. Three A phage clones hybridized with the 
Ca’+-protease cDNA are shown. The region in the 
chromosomal DNA which hybridizes with the cDNA is 
indicated by an open box. B, E and H, BumHI, EcoRI 
and Hind111 sites, respectively. 
sequence analyses of the 2 clones (hCPl15 and 
XCP3) revealed the gene structure for chicken 
Ca2+-protease. The Ca’+-protease gene is about 
10 kbp long and comprises at least 21 exons 
ranging from 12 bp (exon 11) to 1252 bp (exon 21) 
in length (figs 2 and 3). The upstream region of ex- 
on 1 does not contain a so-called TATA box or a 
CAT box [9]. Therefore, at least one more uniden- 
tified exon should exist for the 5 ‘-extreme non- 
coding region. 
The boundary sequences of the exons shown in 
fig.3 were determined by comparing the sequence 
of the cDNA with that of the genomic DNA. The 
boundary sequences are consistent with the 
established consensus plice sites [9,10] (fig.3). All 
of the splice donor and acceptor sites conform to 
the GT-AG rule for flanking exon boundaries, and 
other sequences also agree with the favored fre- 
quency in general [9,10] (fig.3). 
Five differences in the nucleotide sequence were 
found between the cDNA and genomic DNA when 
about 3350 nucleotides were compared (table 1). 
Three were located in the coding region, but no 
change in the amino acid sequence was found. The 
other 2 were located in the 3 ‘-noncoding region. 
These differences are probably due to the 
nucleotide sequence polymorphism. 
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Fig.2. Schematic structure of the Ca’+-protease gene and the sequencing strategy. Exons are shown as numbered filled- 
in areas. Direction of transcription from left to right. Each arrow indicates the direction and length of sequencing 
according to Maxam and Gilbert 181. The 4 domains of Cat+-protease (I-IV) are shown above the gene structure. A 
and B, 5’- and 3’-noncoding regions, respectiveiy. Restriction enzymes used for sequencing were AvaI (Al), AvaII 
(A2), Bg/I (Bl), BgfiI (B2), DdeI (D), EcoRI (E), H&II (Hc), HindIII (Hd), HinfI (Hf), NczI (N), RsuI (R) and XbaI 
(W. 
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Exon Location Length Acceptor Donor 
in cDNA Intron Exon Exon Intron 
1 -3% 246 307b (~CC~TTT~A~~CAC GA~hch) 
2 24?- 316 70 CCTCTC3XTATGCAG AATTA 
3 317- 435 119 CTTCTCCTTCCCTAG GTGACT 
4 436. 669 134 CCTTCTTCCCCCCAQ TCTGG 
5 570- 736 169 TCTCCCGGTGCTCAG GCTGAA 
6 739- 822 84 ~CA~C~CAG ATCACA 
7 823- 906 66 TTTGACGGCTGGCAG GT AAC 
6 909.. 983 75 CTCCGGCTATTCCAG TTCTTC 
9 984-1144 161 CCTGCTTCCCCACAG GATGTC 
10 1145-1314 170 TCTTCCTCCTCCCAG CCACAT 
11 1315-1326 12 ~TCT~~TCCC~CAG GTTCCT 
12 1327-1536 212 GTGTGTGTTTCCCAG GCCCAG 
13 1539-1576 40 TCTTTCTGCCCCCAG G AGCT 
14 1669-1644 86 TCTTTCTGGCCTCAG GAACAA 
15 1645-1702 56 TTGCTCCTACTGCAG GACATG 
16 1703-1767 65 CTCCTTCCTCCTCAG CAAAG 
17 1768-1636 69 CCCTCTGCTGTCCAG AAGAT 
18 1837-1915 79 TGATGGCTTTTGCAG CAATC 
19 1918-2032 117 CTCCCTGCCTTTCAG GTTTCA 
20 2033-2091 59 CATTGTCCCCTCCAG C TTCT 
21 2092-3343 1252 TCTCCTTCTCCTCAG T GCTG 
CCATCG GTAAGTGC 
CTCTGG GTGAGTGC 
TTCCAC GTTGGCTG 
CGCCAA GTGAGTTA 
ATCCAC GTAAGTGC 
AAAGAT GTGAGTTG 
CGATGG TGAGTTC 
GTTTTG GTGAGTGC 
ACCCAG GTACCTCC 
TACGAG GTAACCCT 
GAGGAQ GTATGTCC 
GTGTCG GTGAGTCT 
GATGAG GTTCCTCG 
GGGGAG TGGGTAC 
CCAGAC GTGAGTGC 
ATGGAT GTATCCTC 
TGGCTG GTCAGGAG 
CAGCTG GTAAGTCT 
TGTTCA GTGAGTGC 
GCTGAG GTGAGAGC 
(~T~Gaca~ct) 
Fig.3, Summary of the Ca'+-protease gene structure (exons, introns and splice junctions). The exons of the chicken 
Ca2+-protease gene are numbered from 5'- to 3 ’ - in the direction of transcription. Since the cDNA obtained expands 
to residue - 10 of exon 1, the 5’-end of exon 1 shown in parentheses was determined by S1 mapping analysis [16] as 
described in [4]. The border sequence shown at the splice donor site of exon 21 (in parentheses) represents the 
3’-terminus of the gene, namely, the poly(A) addition site, and lower-case letters indicate the sequence which is not 
transcribed. 
3.2. Organization of the chicken Cd’potease 
gene 
The assignment of exons to the 4 functional do- 
mains of Ca*+-protease [4] shows that each do- 
main consists of l-7 exons of various lengths 
(fig.2). The active-site Cys region (exons 2 and 3, 
nucleotide residues 280-351) in domain II, which 
is highly homologous to various other thiol pro- 
teases [4], is separated by the longest intron (figs 2 
and 3). Further, 3 introns interrupt the 2 active-site 
amino acids, Cys 108 and His 265. In domain II, 
the gene structure is not correlated with the func- 
tional unit. 
Ca’+-protease like calmodulin has 4 consecutive 
E-F hand structures as calcium-binding regions, 
where a Ca*+ binds to a loop structure flanked by 
2 helical structures [4,11,12]. The sequence 
homology of calmodulin indicates that the 4 con- 
secutive E-F hand structures originated from an 
ancestral peptide with one calcium-binding helix- 
loop-helix structure by 2 steps of gene duplication 
[ 131. The genomic structure of Ca’+-protease in 
this region is consistent with the gene duplication 
idea. Each of the 4 E-F hand structures is encoded 
by one exon (nos 17-20) and intron break-points 
are generally located in the a-helical structures 
which border the calcium-binding loops (fig.4). A 
strong relationship between the exon organization 
and the functional unit was observed in domain 
IV. 
In contrast, the structure of the chicken 
~~modulin gene 1141 cannot be explained simply in 
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Fig.4. Locations of introns in the calcium-binding domain of Ca*+-protease. The loop structures and flanking helical 
structures are shown as circles and straight lines, respectively. Intron break-points are indicated by arrows. Here only 
the region in domain IV corresponding to the E-F hand structures is shown. 
Table 1 
Differences between the cDNA and genomic DNA 
sequences 
No. cDNA Amino acid Genomic Amino acid 
residue DNA residue 
453 151 
1 G AA_ GlU GAG Glu 
462 154 
2 GA1 Asp GAC Asp 
1725 575 
3 GGC Gly GGA Gly 
2276 
4 TCT 3 ’ -noncoding TCC _ 
2325 
5 TIT 3 ’ -noncoding TT - 
The numbers above the nucleotides and the amino acid 
residues are those of the cDNA [4]. Different positions 
are underlined 
terms of the above gene duplication idea. In this 
case, 2 introns break the second and third calcium- 
binding loops. We assume that this is due to exon- 
intron rearrangement [15] after the gene 
duplication. 
The results described here indicate that 
Ca2+-protease arose by fusion of genes for a thiol 
protease and a calcium-binding protein at the time 
when the calcium-binding protein gene had 4 exons 
corresponding to the 4 calcium-binding regions, 
and that Ca’+-protease retains the genomic struc- 
ture of the calcium-binding protein at that time. 
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